Introduction
Dauricine (Dau; Figure 1 ), a bisbenzylisoquinoline alkaloid isolated from the rhizome of Menispermum dauricum DC, has been found to have antiarrhythmic and antiinflammatory effects [1] . Recently, several studies have demonstrated that Dau has potent anticancer activities, including inhibition of growth [2] , reduction of drug resistance, and promotion of apoptosis in various tumor cells. However, the effect of Dau on tumor angiogenesis remains unclear.
Angiogenesis -the formation of new vessels from preexisting vasculature -is a fundamental event in the process of tumor growth and metastatic dissemination. It is well known that vascular endothelial growth factor (VEGF) is a pivotal angiogenic factor. Overexpression of VEGF, which has been positively correlated with the cell proliferation marker Ki-67, grade, and stage of breast cancer [3] , significantly increased tumor growth and angiogenesis in a murine model of breast cancer [4] . Therefore, VEGF is a key target in the therapy of breast cancer.
Hypoxia inducible factor 1 (HIF-1) mediates the expres- sion of VEGF and thus plays an important role in tumor angiogenesis. HIF-1 is composed of the HIF-1α and HIF-1β subunits. Whereas HIF-1β is expressed constitutively, HIF-1α expression is tightly regulated by oxygen concentration. Under normoxic conditions, HIF-1α is hydroxylated at two prolyl residues (pro 402 and pro 564 ) within an oxygendependent degradation domain (ODD) by Fe 2+ and O 2 -dependent HIF-1 prolyl hydroxylases (HPH), which results in its ubiquitination and subsequent degradation. However, under hypoxic conditions, these steps are blocked, which leads to the accumulation of HIF-1α and the subsequent activation of genes that are essential to cellular adaptation to low oxygen conditions. These genes include VEGF, erythropoietin and glucose transporter-1. Increasing evidence shows that, under normoxic conditions, HIF-1α is also induced and activated by non-hypoxic stimuli [5] [6] [7] [8] [9] [10] [11] such as growth factors [5] [6] [7] [8] , cytokines, vascular hormones, viral proteins [9, 10] , and nicotine [11] . Among these stimuli, growth factors are very important. Insulin-like growth factor-I (IGF-I) has been shown to induce HIF-1α protein expression under normoxic conditions in different cell types [5] [6] [7] [8] .
HIF-1α has been demonstrated to be a central regulator of tumor phenotype [12, 13] . Thus, HIF-1α may be a possible target for cancer chemoprevention [14] . In addition, overexpression of HIF-1α has been observed in many common cancers, including primary breast cancers, and HIF-1α expression levels could serve as a novel predictor of poor outcome for both node-negative and node-positive breast tumors [15] . Therefore, like VEGF, HIF-1α may also be an important target in breast cancer therapy, and HIF-1α and VEGF inhibitors could be developed as potential antitumor agents for breast cancer.
Several alkaloids have been found to inhibit tumor angiogenesis by targeting HIF-1α [16, 17] . The alkaloid vincristine (VCR) can induce significant expression of HIF-1α. VCRresistant SGC7901/VCR cells have much higher expression of HIF-1α when compared with human gastric cancer SGC7901 cells [18] . The effects of various alkaloids on HIF-1α are different. The effects of Dau, a bisbenzylisoquinoline alkaloid, on HIF-1α and VEGF expression levels have not yet been reported. Therefore, in this study, we investigated the effects of Dau on IGF-I-induced HIF-1α and VEGF expression levels in human breast cancer cells (MCF-7). We found that Dau significantly inhibited IGF-I-induced HIF-1α protein accumulation and VEGF expression in MCF-7 cells.
Materials and methods
Drug and reagents Dau (purity >99%) was kindly provided by Prof Xiong-tai GUAN (Guangdong Medical College, Zhanjiang, China). Dau was dissolved in 0.9% NaCl to make a stock solution of 1 mmol/L with a pH ranging from 6.5 to 6.8. PD98059, LY294002, and rapamycin were purchased from Beyotime Biotechnology Corporation, Shanghai (Shanghai, China) and dissolved in DMSO. The final DMSO concentration of any solution used throughout the study did not exceed 0.1%. Dulbecco's modified Eagle's medium (DMEM), medium 199 and TRIzol ® reagent were purchased from Invitrogen Corp (Carlsbad, CA, USA). Recombinant human IGF-I, the protein synthesis inhibitor cycloheximide (CHX), acidic fibroblast growth factor (aFGF) and β-actin monoclonal antibody were purchased from Sigma (St Louis, MO, USA). Mouse anti-human HIF-1α monoclonal antibody was purchased from BD Transduction Laboratories (San Diego, CA, USA). Total and phosphorylated extracellular signal-regulated kinase1/2 (ERK1/2; Thr202/Tyr204) antibodies, Akt (Ser 473 ) antibody, and phosphorylated eukaryotic initiation factor 4E (eIF)-binding protein 1 (4E-BP1) antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Phosphorylated M r 70 000 ribosomal protein S6 kinase (p70S6K) antibody was from Signalway Antibody Co, Ltd (Pearland, TX, USA). Horseradish peroxidase (HRP)-conjugated secondary antibody was purchased from Pierce (Rockford, IL, USA). The iScript TM One-step RT-PCR Kit with SYBR ® green was purchased from Bio-Rad (Hercules, CA, USA). The human VEGF ELISA development kit was purchased from Peprotech Inc (Rocky Hill, NJ, USA). The dual luciferase reporter assay system was purchased from Promega (Madison, WI, USA). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay kit, in vitro angiogenesis assay kit, and cell invasion kit were purchased from Chemicon International Inc (Temecula, CA, USA).
Cell culture Human estrogen-responsive breast cancer cells (MCF-7) and human umbilical vein endothelial cells (HUVECs) were obtained from the American Type Culture Collection (ATCC) (Rockville, MD, USA). MCF-7 cells were maintained in DMEM medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin. HUVECs were cultured in medium 199 supplemented with 20% FBS, 100 mmol/L HEPES, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mmol/L glutamine, 5 ng/mL aFGF, and 5 U/mL heparin. MCF-7 cells and HUVECs were incubated at 37 o C in a humidified atmosphere with 5% CO 2 .
Treatment of cancer cells with Dau Exponentially growing MCF-7 cells (about 80% confluence) were serum-starved for 24 h, followed by pretreatment with different concentrations of Dau (5, 10, and 20 μmol/L) for 1 h in serumfree medium. Afterward, cells were treated with 40 ng/mL IGF-I in serum-free medium for 6 h. HIF-1α protein levels were analyzed by Western blotting. The amount of VEGF protein product in the conditioned medium was determined by ELISA. HIF-1α and VEGF mRNA levels were detected by real-time PCR. To study the effects of Dau on the half-life or degradation of IGF-I-induced HIF-1α protein accumulation, MCF-7 cells were pretreated with IGF-I for 6 h followed by treatment with 10 µg/mL CHX to inhibit further protein synthesis in the presence or absence of 10 μmol/L Dau for different time periods. HIF-1α protein levels were determined by Western blotting.
Western blotting The treated and untreated cells were lysed with buffer containing 50 mmol/L Tris-HCl (pH 7.5), 5 mmol/L EDTA, 150 mmol/L NaCl, 0.5% Triton X-100, 10 mmol/L sodium fluoride, 20 mmol/L β-mercaptoethanol, 250 µmol/L sodium orthovanadate, 1 mmol/L phenylmethyl sulfonylfluoride (PMSF), and complete protease inhibitor cocktail (Roche, Mannheim, Germany). They were then incubated at 4 o C for 1 h. The lysates were ultrasonicated and centrifuged at 12 000 g for 10 min. The supernatants were collected and stored at -70 o C. Protein concentrations were determined by the BCA method. Protein (50-100 µg) was separated on a 10% polyacrylamide-SDS gel and electroblotted onto a nitrocellulose membrane. After being blocked with TBS/5% nonfat dry milk for 2 h, the membranes were incubated overnight at 4 o C with antibodies against HIF-1α, total or phosphorylated ERK1/2 (Thr 202 /Tyr 204 ) or Akt (Ser 473 ), phosphorylated p70S6K (p-p70S6K), or phosphorylated 4E-BP1 (p-4E-BP1), followed by incubation with a horseradish peroxidase (HRP)-conjugated secondary antibody (1:1000) for 45 min at room temperature. The signals were visualized by the enhanced chemiluminescence detection system (ECL). As a loading control, the blots were reprobed with a specific antibody against human β-actin (1:5000).
Real-time PCR analysis for HIF-1α and VEGF mRNA levels Total RNA was isolated from cells using TRIzol ® Reagent. Real-time PCR analysis of HIF-1α and VEGF mRNA levels was performed using the iScript TM One-step RT-PCR Kit with SYBR® Green, according to the manufacturer's instructions. The following primers were designed for real-time PCR: HIF-1α, forward 5′-GTTTACTAAAGGACAAGTCACC-3′ and reverse 5′-TTCTGTTTGTTGAAGGGAG-3′ [19] ; VEGF, forward 5′-TCTACCTCCACCATGCCA AGT-3′ and reverse 5′-GATGATTCTGCCCTCCTCCTT-3′ [20] ; β-actin, forward 5′-TCAAGATCATTGCTCCTCCTG-3′ and reverse 5′-CTGCTTGCTGATCCACATCTG-3′ [21] . All the primers were synthesized by Shanghai Sangon Biological Engineering Technology and Services Co, Ltd (Shanghai, China). The thermocycling conditions were as follows: ELISA assay for VEGF production The concentration of VEGF protein in the conditioned medium of the untreated and treated cells was determined using the human VEGF ELISA development kit, according to the manufacturer's instructions. Results were normalized to cell number (2×10 5 cells/well). The experiment was repeated in triplicate.
Transient transfection and luciferase reporter assays MCF-7 cells were transiently transfected with 0.5 µg of VEGF reporter plasmids for 4 h in serum-free medium. One-tenth microgram of the Renilla luciferase pRL-TK plasmid was co-transfected as an indicator for normalization of transfection efficiency. After recovery overnight, cells were starved for 24 h in serum-free medium. Serum-starved cells were subsequently pretreated with different concentrations of Dau for 1 h in fresh serum-free medium. This was followed by exposure to IGF-I for 6 h before harvesting cell lysates for luciferase assays by using the Dual Luciferase Reporter Assay System. The experiment was repeated in triplicate.
In vitro angiogenesis assay Angiogenesis in vitro was analyzed according to the manufacturer's instructions. Briefly, after 96-well cell culture plates had been coated with ECMatrix TM , HUVECs (5×10 3 cells/well) were seeded onto the surface of the polymerized ECMatrix TM with the conditioned medium derived from MCF-7 cells in the presence or absence of Dau. The cells were incubated at 37 °C for 6-8 h, and tube formation was observed under a phase-contrast microscope. The total tube length in three random viewfields per well was measured, and the average value was calculated using Metamorph Imaging Series software. HUVEC cell viability was determined by MTT assay after treatment, as described above. The experiment was repeated in triplicate.
In vitro cell invasion assay A cell invasion kit was used for the cell invasion assay, according to the manufacturer's instructions. HUVECs (5×10 4 cells) were resuspended in 300 µL of serum-free medium and seeded onto the interior side of inner chambers containing a polycarbonate membrane of 8-µm pore size and a thin layer of rehydrated extracellular matrix. Five hundred microliters of serumfree medium containing IGF-I, at a final concentration of 40 ng/mL, was added to the lower chamber. To determine the effect of Dau on HUVEC invasion, different concentrations of Dau were added to the lower chamber. The invasion chamber was incubated for 48 h at 37 o C. The non-invading cells and the extracellular matrix gel from the interior side of the inserts were gently removed using a cotton-tipped swab. The invasive cells that migrated through the gel insert to the lower surface of the membrane were stained and photographed using a computer imaging system. Afterward, the stained cells were extracted with 200 µL of extract solution, and the absorbance was determined at 562 nm. The experiment was repeated in triplicate.
Cell viability assay MCF-7 cells or HUVECs were seeded in 96-well plates (10 4 cells/well). Viable cells were determined using the MTT assay kit, according to the manufacturer's instructions. The experiment was repeated in triplicate.
Statistical analysis Data are presented as the mean±SD for three separate experiments. One-way ANOVA and Bonferroni were employed for statistical analysis using SPSS 11.0 for Windows software. P<0.05 was considered to be statistically significant.
Results

Dau inhibited IGF-I-induced HIF-1α protein accumulation in MCF-7 cells
Previous studies have demonstrated that IGF-I can increase HIF-1α protein expression [5] [6] [7] [8] . Our results also showed that IGF-I remarkably induced HIF-1α protein accumulation in MCF-7 cells (Figure 2A) . To study the effects of Dau on IGF-I-induced HIF-1α protein accumulation, serum-starved MCF-7 cells were pretreated for 1 h with different concentrations of Dau, followed by incubation with IGF-I for 6 h. We found that Dau inhibited IGF-Iinduced HIF-1α protein accumulation in a dose-dependent manner (Figure 2A ). To rule out the possibility that the inhibitory effect of Dau on the HIF-1α protein was due to its cellular toxicity, cell viability was determined using MTT assay. No obvious changes in cell viability were observed in MCF-7 cells after treatment as described above ( Figure 2B ). In addition, serum-starved MCF-7 cells were pretreated for 1 h with 10 μmol/L Dau, followed by incubation with IGF-I for 1, 6, and 16 h, respectively. No significant difference in HIF-1α protein expression was observed between 6 h and 16 h (data not shown), but cell viability was significantly decreased when cells were treated with 10 μmol/L Dau for 16 h (data not shown). Therefore, incubation for 6 h was chosen in this study. To investigate whether Dau inhibited IGF-I-induced HIF-1α protein accumulation was the result of transcriptional inhibition, HIF-1α mRNA levels were determined by real-time PCR. As shown in Figure 2C , there was no apparent change in HIF-1α mRNA levels in MCF-7 cells after incubation with IGF-I for 6 h ( Figure 2C ). Treatment of MCF-7 cells with different concentrations of Dau had no obvious effect on HIF-1α mRNA expression in response to IGF-I ( Figure 2C ).
To investigate whether Dau also inhibits hypoxiainduced expression of HIF-1α, MCF-7 cells were pretreated with different concentrations of Dau for 1 h, followed by exposure for 6 h to hypoxia (1% O 2 ) in a hypoxic chamber with an auto purge airlock (Coy Laboratory Products Inc, Grass Lake, MI, USA). Our results showed that Dau also inhibited hypoxia-induced HIF-1α protein expression (Figure 2D) .
Dau inhibited IGF-I-induced VEGF expression and transcriptional activation in MCF-7 cells VEGF is a major downstream target gene of HIF-1α. Accumulating evidence has demonstrated that IGF-I could significantly increase HIF-1α-mediated VEGF expression [5] [6] [7] [8] . We also found that IGF-I enhanced VEGF protein secretion ( Figure 3A ) and mRNA expression ( Figure 3B ). To determine whether Dau can inhibit IGF-I-induced VEGF secretion in MCF-7 cells, serum-starved MCF-7 cells were pretreated for 1 h with different concentrations of Dau, followed by incubation with IGF-I for 6 h. VEGF protein and mRNA levels were determined by ELISA and real-time PCR, respectively. Our results indicated that Dau reduced IGF-I-induced VEGF protein secretion ( Figure 3A ) and mRNA expression ( Figure  3B ) in a dose-dependent manner (P<0.01). To further confirm the effect of Dau on VEGF transcriptional activation, MCF-7 cells were transiently transfected with a luciferase reporter plasmid (pGL2-Luc) harboring the human VEGF promoter region, followed by treatment with various concentrations of Dau exposed to IGF-I for 6 h. Our results showed that IGF-I remarkably enhanced VEGF promoter activity ( Figure 3C , P<0.01) and that Dau significantly inhibited this effect in a dose-dependent manner ( Figure 3C, P<0.01) . No apparent changes in cell morphology or toxicity in MCF-7 cells were found after the treatment described above (data not shown).
Dau decreased IGF-I-induced HIF-1α and VEGF protein expression levels by interfering with the PI-3K/Akt/ mTOR signaling pathway and partially suppressed IGF-I-induced HIF-1α protein accumulation by inhibiting protein synthesis To examine the effects of Dau on activation of Akt and ERK1/2, serum-starved MCF-7 cells were pretreated for 1 h with different concentrations of Dau, followed by incubation with IGF-I for 1 h. Our results showed that Dau dramatically decreased p-Akt levels ( Figure 4A ). But Dau had no obvious inhibitory effect on ERK1/2 activation ( Figure  4B ). LY294002 (50 μmol/L), a specific inhibitor of PI-3K, significantly inhibited Akt activation ( Figure 4A ). PD98059 (50 μmol/L), a specific inhibitor of ERK1/2, dramatically downregulated p-ERK1/2 levels ( Figure 4B ). To further confirm our results, we next pretreated serum-starved MCF-7 cells with various concentrations of PD98059 or LY294002 for 1 h, followed by exposure to IGF-I for 6 h. Our results showed that IGF-I-induced HIF-1α protein accumulation and VEGF protein secretion were inhibited by LY294002 ( Figure 4C, 4D) but not by PD98059 (Figure 4E, 4F) . Taken together, these results suggested that Dau inhibited IGF-I-induced HIF-1α and VEGF protein expression in MCF-7 cells mainly via PI3K/Akt pathway.
Previous studies have demonstrated that IGF-I-mediated activation of PI-3K/Akt is essential to regulate HIF-1α protein synthesis via phosphorylating protein translational regulators, including p70S6K and 4E-BP1 [23, 24] . Thus, we next investigated the effects of Dau on the protein translational machinery. Our results showed that IGF-I stimulated activation of p70S6K and 4E-BP1 in MCF-7 cells ( Figure 5A , lane 2 vs lane 1), and Dau could remarkably inhibited IGF-I-induced activation of p70S6K in a dose-dependent manner ( Figure 5A ). Meanwhile, Dau at a concentration of 20 μmol/L could inhibit IGF-I-induced activation of 4E-BP1. To further confirm these results, we pretreated serumstarved MCF-7 cells with rapamycin to inhibit mammalian target of rapamycin (mTOR), which is an upstream target of p70S6K and 4E-BP1, followed by exposure to IGF-I for 6 h. Our results showed that rapamycin strongly suppressed IGF-I-induced HIF-1α protein accumulation ( Figure 5B ) and VEGF secretion ( Figure 5C, P<0.01 ). In addition, we found that LY294002 (a specific inhibitor of PI3K) and rapamycin (a specific inhibitor of mTOR) could dramatically inhibit IGF-I-induced expression of p-p70S6K and p-4E-BP1 protein in MCF-7 cells (Data not shown). Taken together, these results indicated that Dau decreased IGF-I-induced HIF-1α Figure  7A-b) . However, no statistical significance was found in total tube length between the conditioned medium from the control plus Dau and the conditioned medium from the control only (IGF-I only; P>0.05). In addition, the total tube length in the conditioned medium from the control plus 20 μmol/L Dau was much longer than that in the conditioned medium derived from MCF-7 cells treated with IGF-I plus 20 μmol/L Dau (P<0.01). To exclude the possibility that the inhibitory effect of Dau on tube formation was due to its cytotoxic activity, HUVEC viability was determined using the MTT assay. There were no obvious changes in cell viability in the HUVECs after treatment under experimental conditions ( Figure 7C) . Therefore, our results demonstrated that the inhibitory effect of Dau on tube formation was not due to its direct toxic effects on HUVECs. 
Dau inhibited IGF-I-induced invasion of HUVECs in vitro
Discussion
Previous studies have found that Dau is an antagonist of calcium ion (Ca 2+ ) and calmodulin (CaM). Recently, Ca 2+ has been found to play specific roles in the regulation of angiogenesis [25] . Therefore, Dau may also have a role in angiogenesis, which is the process of new blood vessel formation by endothelial cells. The invasion of endothelial cells is one of the pivotal processes in the formation of new blood vessels. In the present study, we demonstrated that Dau had a direct inhibitory effect on IGF-I-induced invasion of HUVECs in vitro (Figure 8 ). Additionally, our results showed that Dau at a concentration of 10 µmol/L or 20 µmol/L in the conditioned medium derived from breast cancer MCF-7 cells could inhibit HUVEC tube formation in vitro (Figure 7) . These results suggest that Dau may have antiangiogenic effect on breast cancer. In this study, we found the conditioned medium derived from breast cancer MCF-7 cells treated with IGF-I obviously stimulated HUVECs tube formation in vitro. We wondered whether the tube formation was induced by IGF-I directly or by other genes. Previous studies have demonstrated that IGF-I can enhance the expression of VEGF [5] [6] [7] [8] , which plays a central role in the process of angiogenesis. Our results also showed that IGF-I induced VEGF expression and transcriptional activation (Figure 3) . Therefore, according to previous studies and our results, we speculated that IGF-I in the conditioned medium derived from breast cancer MCF-7 cells stimulated the tube formation by promoting the expression of VEGF, which needs to be further researched.
VEGF has been found to be a target gene for the estrogen receptor and to contribute to breast cancer progression [4, 26] . Thus, VEGF could be used as a therapeutic target for breast cancer. Our results showed that Dau significantly inhibited IGF-I-induced VEGF protein secretion ( Figure 3A ) and mRNA levels ( Figure 3B ) in breast cancer cells (MCF-7). Moreover, we further found that Dau remarkably inhibited the activity of IGF-I-induced VEGF promoter ( Figure 3C ), which contains hypoxia-response elements (HREs) and thus can be transactivated by HIF-1α. We also wanted to determine whether Dau had an effect on HIF-1α. In this study, we demonstrated that Dau inhibited IGF-I-induced HIF-1α protein expression in MCF-7 cells (Figure 2A ) and that this effect was not due to its cellular toxicity ( Figure 2B ). Since the expression of HIF-1α in most solid tumors is mainly induced by hypoxia, we wanted to further investigate the effect of Dau on the hypoxia-induced expression of HIF-1α in MCF-7 cells. We demonstrated that Dau also inhibited hypoxia-induced HIF-1α protein expression in MCF-7 cells ( Figure 2D ). These findings indicate that Dau may have antiangiogenic properties in breast cancer by inhibiting HIF-1α protein accumulation and VEGF expression.
Previous studies have shown that growth factors, including IGF-I, had no effect on HIF-1α mRNA expression in a variety of cancer cells [19, 20, 27, 28] . Recently, however, Mark et al reported that IGF-I treatment led to increased HIF-1α mRNA levels in the retinal pigment epithelium (RPE) cells ARPE-19 [5] . In the present study, IGF-I did not obviously up-regulate HIF-1α mRNA levels in MCF-7 cells ( Figure 2C ). Previous studies (ours and others') have demonstrated that several natural products have no effect on HIF-1α mRNA levels, although they can inhibit HIF-1α protein accumulation [8, 29, 30] . Similarly, we also found that Dau at any concentration did not significantly affect HIF-1α mRNA expression in response to IGF-I ( Figure 2C ), suggesting that Dau inhibited IGF-I-induced HIF-1α protein accumulation via some post-transcriptional mechanism(s).
Accumulating evidence has demonstrated that PI-3K/ Akt and/or ERK1/2 signaling pathways were involved in IGF-I-induced HIF-1α and VEGF expression in various cancer cells [19, 20, 28, 29] . To further explore the molecular mechanisms by which Dau inhibited HIF-1α protein accumulation and VEGF expression in MCF-7 cells, we investigated the effects of Dau on the activation of Akt and ERK1/2. Our results showed that Dau suppressed IGF-I-induced Akt activation ( Figure 4A ) but had no obvious effect on ERK1/2 phosphorylation ( Figure 4B ). In addition, we further demonstrated that the specific Akt inhibitor LY294002 suppressed HIF-1α protein accumulation ( Figure 4C ) and VEGF protein secretion ( Figure 4D ) but that the specific ERK1/2 inhibitor PD98059 had no such effect ( Figure 4E, 4F ). These findings suggested that Dau inhibited IGF-I-induced HIF-1α protein accumulation and VEGF expression mainly by PI-3K/Akt pathway but not through the ERK1/2 pathway. mTOR, a downstream target gene of PI-3K/Akt, plays a crucial role in translation initiation [27, 28] . The translational machinery has been shown to regulate HIF-1α protein synthesis when it is induced by growth factor [8] . Therefore, we examined the effect of Dau on protein translational machinery. Our results showed that IGF-I stimulated 4E-BP1 and p70S6K phosphorylation ( Figure 5A ; lane 2 vs lane 1) and that Dau blocked this effect ( Figure 5A ; lane 3-5). Moreover, the specific mTOR inhibitor rampamycin remarkably decreased IGF-I-induced HIF-1α and VEGF protein expression levels ( Figure 5B, 5C ). Taken together, these results indicated that Dau could affect translational machinery and that Dau inhibited IGF-I-induced HIF-1α protein accumulation and VEGF expression via the PI-3K/Akt /mTOR signaling pathway. mTOR is activated under favorable growth conditions, leading to the phosphorylation of 4E-BP1 and p70S6K. The phosphorylation of 4E-BP1 can release eIF4E, initiating capdependent de novo translation of various species of mRNA. The phosphorylation of p70S6K triggers recruitment of the 40S ribosome subunit and translation of 5′-terminal oligopyrimidine tract (5'TOP) mRNA that encodes the major components of protein synthesis apparatus [28] . Therefore, the inhibition of 4E-BP1 and p70S6K phosphorylation can suppress protein synthesis. In this study, we found Dau significantly inhibited 4E-BP1 and p70S6K phosphorylation at a concentration of 20 µmol/L ( Figure 5A ) and that HIF-1α protein expression was completely blocked by rapamycin, which is a specific inhibitor of mTOR ( Figure 5B ). Therefore, Dau inhibited IGF-I-induced HIF-1α protein expression probably by suppressing its protein synthesis.
HIF-1α protein levels in the cells are regulated by a balance between its protein synthesis and degradation [8] . Studies by us and others have demonstrated that several natural products can affect both HIF-1α protein synthesis and its degradation [8, 29] . In this study, our results showed that Dau could inhibit HIF-1α protein synthesis by suppressing 4E-BP1 and p70S6K phosphorylation at a concentration of 20 µmol/L ( Figure 5A ). But 10 µmol/L Dau did not obviously decrease p-4E-BP1 levels ( Figure 5A ), and this significantly inhibited HIF-1α protein accumulation ( Figure  2A ). Therefore, Dau may inhibit HIF-1α protein accumulation by promoting its degradation in addition to suppressing its synthesis in response to IGF-I. To further validate this hypothesis, we next determined the half-life of HIF-1α protein. Our results showed that the half-life of HIF-1α protein was dramatically shortened in the presence of Dau at a concentration of 10 µmol/L (Figure 6 ), suggesting that Dau also promoted HIF-1α protein degradation in response to IGF-I.
In summary, in this study we have demonstrated that Dau inhibited IGF-I-induced HIF-1α protein accumulation and VEGF expression in MCF-7 cells. The two main mechnisms by which this occurs are through blocking the activation of PI-3K/Akt/mTOR signaling pathways and through the suppression of HIF-1α protein synthesis as well as the promoting of its degradation. The data presented in this study suggest that Dau can inhibit human breast cancer angiogenesis by suppressing HIF-1α protein accumulation and VEGF expression, which indicates that Dau may be a promising anti-angiogenic drug for human breast cancer. also thank Dr Anh D Le and Dr Qun-zhou ZHANG (Center for Craniofacial Molecular Biology, School of Dentistry, University of Southern California, Los Angeles, USA) for their technical assistance and strong support.
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